Dependence of groundnut rosette virus on its satellite RNA as well as on groundnut rosette assistor luteovirus for transmission by Aphis craccivora
A. F. Murant
Scottish Crop Research Institute, Invergowrie, Dundee DD2 5DA, U.K.
Transmission of groundnut rosette virus (GRV) by
Aphis craccivora is known to depend on the additional presence in the source plants ofa luteovirus, groundnut rosette assistor virus (GRAV). Naturally occurring isolates of GRV contain a satellite RNA which is the main cause of rosette symptoms in groundnut, different variants of the satellite being responsible for the green and chlorotie forms of rosette. In extensive glasshouse tests, GRAV-dependent transmission of GRV by A. craccivora occurred only from groundnut plants infected with satellite-containing isolates of GRV. This was true whether the GRV isolates were from groundnut plants from Nigeria or Malawi with either the green or chlorotic forms of rosette and whether they contained homologous or heterologous satellites. Aphid transmission of GRV therefore depends not only on the presence of GRAV but also on that of the GRV satellite RNA. This probably explains why satellite-free isolates of GRV have not been found in nature. This is the first report of satellite RNA mediating aphid transmission of a plant virus.
Rosette disease of groundnut (Arachis hypogaea) (Zimmermann, 1907; Storey & Bottomley, 1928; Storey & Ryland, 1957) is the most important disease of this crop in Africa south of the Sahara and causes devastating epidemics in some years. Diseased plants contain groundnut rosette virus (GRV; Okusanya & Watson, 1966; Reddy et al., 1985b) which is transmitted in the persistent (circulative) manner by Aphis craccivora, but only from plants that also contain groundnut rosette assistor virus (GRAV; Hull & Adams, 1968; Murant, 1989) . GRAV is a luteovirus (Casper et al., 1983; Reddy et al., 1985a) , which is aphid-transmissible on its own but causes no obvious symptoms in groundnut.
Unlike GRAV, GRV is manually transmissible. However, no virus-like particles have been seen in plant sap, infectivity of GRV being associated with an ssRNA of M r 1.5 x 106 (Reddy et al., 1985b) . Plants infected with GRV contain abundant dsRNA (Reddy et al., 1985b; Murant et al., 1988) , with prominent electrophoretic species of 4.6 kbp (dsRNA-1), 1.3 kbp (dsRNA-2) and 0.9 kbp (dsRNA-3). Preparations of dsRNA are not infective unless heat-denatured. Murant et al. (1988) and Murant & Kumar (1990) showed that dsRNA-3 can be eliminated from GRV cultures, leaving only dsRNA-1 and dsRNA-2 which have sequence homology with each other but not with dsRNA-3. Heat-denatured dsRNA-3 is not infective alone but is infective in the presence of dsRNA-1 and dsRNA-2. Thus, dsRNA-3 is a ds form of a satellite RNA; dsRNA-1 seems to be ads 0000-9625 © 1990 SGM form of the genomic ssRNA of GRV and dsRNA-2 perhaps represents a subgenomic RNA. Murant et al. (1988) showed that satellite-free cultures of GRV induce no symptoms, or only transient chlorotic leaf mottling, in groundnut, indicating that the satellite RNA in GRV cultures is largely responsible for the symptoms of rosette. Murant & Kumar (1990) showed further that variants of the satellite are responsible for the two major forms of the disease, chlorotic rosette and green rosette (Hayes, 1932; Smartt, 1961 ; Hull & Adams, 1968) . In addition to this ability to induce rosette symptoms, the satellite RNA is interesting because it depends on GRV for replication in plants and on GRAV for transmission by aphids. Additional evidence presented here shows that the satellite RNA, which is invariably present in naturally occurring GRV isolates, in turn mediates the dependence of GRV on GRAV for transmission by A. craccivora.
Isolates of GRAV and GRV and a culture of virus-free A. craccivora were imported and held under licences issued by the Department of Agriculture and Fisheries for Scotland. GRAV and GRV isolates were propagated in groundnut cv. TMV-2 by graft transmission (Rajeshwari & Murant, 1988) . GRV isolates were also propagated in Nicotiana benthamiana or N. clevelandii by manual inoculation and were assayed on these species and the local lesion host Chenopodium amaranticolor. Manual inoculations were performed by extracting leaves in 0-01 M-Tris-HC1 buffer pH 8-0 containing 0-02 Murant & Kumar, 1990) . GRAV was assayed by double antibody sandwich-ELISA (Clark & Adams, 1977) with the polyclonal antiserum raised by Rajeshwari & Murant (1988) , and the antiserum and enzyme conjugate dilutions described by them. The virus-free culture of A. craccivora, imported from Malawi, was maintained on groundnut at 25 °C and under continuous illumination to minimize production of alate forms. For virus transmission experiments, the aphids were allowed acquisition access times of 3 to 7 days on virus-infected source plants and were then transferred in groups of 15 to 20 to feed on groundnut test seedlings for inoculation access times of 2 to 4 days. In most experiments, the test plants were reinoculated after about 1 week by exposure to a second batch of viruliferous aphids.
The three satellite-flee and five satellite-containing GRV isolates used in this work were derived previously (Murant et al., 1988; Murant & Kumar, 1990 ) from three primary satellite-containing GRV cultures: GRV(C) and GRV(NG), from Nigerian groundnut plants with chlorotic rosette and green rosette, respectively (Reddy et al., 1985a; Mutant & Kumar, 1990) , and GRV(MC) from a Malawian groundnut plant with chlorotic rosette (Murant et al., 1988) . Satellite-flee isolate G96 was obtained from GRV(C) by passage through Gomphrena globosa (Murant et al., 1988) and satellite-flee isolates NG1 and MC1 were obtained from GRV(NG) and GRV(MC), respectively, by culturing from dsRNA-1 bands recovered from agarose gels (Murant & Kumar, 1990) . The five satellite-containing isolates were reconstituted from these as follows: satellite RNA isolated from GRV(C) was reintroduced into G96 to give an isolate originally called G96 + RNA-3 (Murant et al., 1988) but here renamed G96+NCRNA-3; satellite RNA species isolated from GRV(NG) and GRV(MC) were reintroduced into NG1 and MC1 in all four homologous and heterologous combinations to give isolates called NG1 + NGRNA-3, NG1 + MCRNA-3, MC1 + NGRNA-3 and MC1 + MCRNA-3 (Mutant & Kumar, 1990) . The dsRNA band patterns of all eight isolates (with or without satellite RNA) were illustrated by Murant et al. (1988) and Murant & Kumar (1990) . Each of the eight isolates was established in groundnut in mixed infection with a single isolate of GRAV, GRAV(C), from a Nigerian groundnut plant with chlorotic rosette (Rajeshwari et al., 1987; Rajeshwari & Murant, 1988) . These groundnut plants were used as sources for aphid transmission experiments (Table 1) . Plants containing MCI+MCRNA-3 or NGI+NGRNA-3 without GRAV were used as controls. Table 1 shows that transmission of GRV by A. craccivora occurred only from plants that also contained both GRAV and the satellite RNA, RNA-3. This was true whether the satellite was from GRV cultures from Nigeria or Malawi, or from plants with the green or chlorotic forms of rosette. The form of rosette induced in the test plants (green or chlorotic) was the same as that shown by the source plants. All the isolates transmitted were shown to possess satellite RNA, as shown by the presence of dsRNA-3 in dsRNA preparations from infected plants. Thus, aphid transmission of GRV depends on the presence in the source plants not only of GRAV, as already reported (Hull & Adams, 1968) , but also of the satellite RNA. This probably explains why the satellite has been found in all naturally occurring GRV isolates so far examined.
The mechanism of the dependence of GRV on GRAV for aphid transmission has not been determined but, in the very similar complex in which carrot mottle virus (CMotV) depends on carrot red leaf luteovirus (CRLV) for transmission by the aphid Cavariella aegopodii, CMotV RNA becomes packaged in shells composed of CRLV coat protein to form particles which the aphid can transmit but which contain the infectivity of CMotV (Waterhouse & Murant, 1983) . The same mechanism very probably operates in the GRV/GRAV complex.
The discovery of an essential role of the satellite RNA in the biological survival of GRV is intriguing because there is no evidence for the involvement of a satellite RNA in the dependent transmission of CMotV and in no other instance has a satellite nucleic acid been shown to be necessary for the aphid transmission of a plant virus. However, satellite-like RNA molecules have been reported to play a part in the survival and spread of a fungus-borne virus, beet necrotic yellow vein virus (BNYVV). BNYVV has a bipartite ssRNA genome but field isolates may possess up to four satellite-like RNA species, at least two of which (RNA-3 and RNA-4) play an important (though not essential) role by improving the efficiency of natural dissemination of the virus (Tamada & Abe, 1989) . BNYVV RNA-4 seems to improve directly the transmission of BNYVV by the soilinhabiting fungus Polymyxa betae, whereas BNYVV RNA-3 seems to enhance the multiplication and spread of BNYVV:in sugarbeet roots, thus further increasing the efficiency of fungus transmission in the presence of RNA-4. Experiments are in progress to establish whether the GRV satellite RNA acts in either of these ways, or by influencing the hypothetical packaging of GRV RNA in GRAV coat protein, and also to show whether the effect of the satellite is expressed at the RNA level or through a translation product.
The present results raise the question whether GRV RNA-3 truly is a satellite. The term 'satellite' is usually taken to mean a virus or nucleic acid that is dependent on a helper virus for multiplication but is not itself necessary for the multiplication of its helper virus and possesses little or no genome sequence homology with it (Murant & Mayo, 1981) . GRV RNA-3 fulfils these criteria (Murant et al., 1988) but nevertheless seems to be necessary for the survival in nature of its helper virus, GRV. It might thus be considered as almost a part of the GRV genome. However, the same could be said to be true of GRAV, which is clearly a distinct viral entity. On balance, therefore, it seems best to continue to regard GRV RNA-3 as a satellite, but one on which the virus in turn has become dependent, not for multiplication, but for another important biological function, namely transmission by a vector. Both GRV and BNYVV provide interesting examples of viruses and their satellite RNA molecules becoming interdependent and suggest possible models for the evolution of multipartite virus genomes.
